The purpose of this series of experiments was to develop a simple, 500-Hz masking-level difference (MLD) protocol that could be implemented easily in the clinic to assess auditory perceptual abilities using an audio compact disc. Five, 300-ms tones with 250-ms intertone intervals were embedded in 3-s bursts of 200-800 Hz noise presented at 42.2-dB pressure-spectrum level with 4-5 s interstimulus intervals. The homophasic and antiphasic conditions were interleaved with the signal-tonoise ratios decreasing in 2-dB steps. A single-interval, "yes/no" response task was used. Three experiments were performed on 24-28 listeners with normal hearing. The mean SoNo thresholds (58.1-to 59.5-dB SPL) and the mean SpNo thresholds (45.1-to 46.0-dB SPL) produced ~13-dB MLDs. Experiment 3 included a SoNp condition that had a mean threshold of 48.8-dB SPL and a 10.0-dB MLD. The mean test, retest of the SoNo and SpNo thresholds on 15 listeners was <0.5 dB. Over the three experiments, 95% of the listeners had SpNo MLDs that were ≥10 dB.
T he masking-level difference (MLD), which was originally described by Hirsh (1948) and Licklider (1948) , is the detection or recognition performance difference between binaural conditions in which the phase of either the signal (S) or the noise (N) (masker) is manipulated (Webster, 1951) . The typical MLD paradigm involves homophasic and antiphasic masking conditions (Licklider, 1948) . Homophasic indicates the same phase relation in both ears and is denoted as "So" or "No" for signal or noise in-phase. The typical homophasic condition is SoNo meaning that the signal is in-phase at the ears and the noise is in-phase at the ears. Antiphasic indicates a phase difference of π radians (180°) between the signals and/or the noises presented to the ears and is denoted as "Sπ" or "Nπ". When either the signal or noise are π radians out-of-phase at the ears (e.g., SπNo and SoNπ) then the waveforms presented to the ears differ with respect to both temporal and amplitude characteristics. [SπNπ is a special case in that the morphology of the waveforms presented to the ears retains the temporal characteristics but inverts the amplitude characteristics. The SπNπ and SmNm (m = monaural) conditions, produce thresholds that are the same as the SoNo threshold (Egan, 1965; Schoeny and Carhart, 1971; Sever and Small, 1979) ]. Although there is an infinite number of phase relations between the ears for signals or noises, typically in audiology, SπNo serves as the antiphasic condition. For deriving the MLD, the threshold for the SoNo condition is the reference condition from which is subtracted the threshold for the SπNo condition. At 500 Hz, the largest release from masking or MLD is achieved with the SπNo condition that produces a threshold 10-14 dB below the threshold for SoNo. In contrast to the SπNo threshold, the SoNp threshold for a 500-Hz tone is 7-11 dB below the threshold for SoNo or 2-3 dB higher than the SπNo threshold (Egan, 1965; Schoeny and Carhart, 1971; . Thus the SπNo MLD is about 3 dB larger than the SoNπ MLD. The MLD is inversely related to stimulus frequency (Hirsh, 1948; Webster, 1951) , is asymptotic above 30-dB pressurespectrum level (McFadden, 1968; Hall and Harvey, 1984) , is influenced by hearing loss and the symmetry of hearing loss Jerger et al., 1984) , and can be obtained with speech stimuli, usually spondaic words (Licklider, 1948; Carhart et al., 1968) . The escape from masking that is accomplished in antiphasic conditions reflects the ability of the auditory system to extract and interpret subtle interaural cues that are produced when the phase of a signal (or noise) in one ear is manipulated with respect to the phase of a signal (or noise) in the other ear. Clinically and prior to the widespread use of auditory evoked brainstem responses (ABR), the MLD was used to evaluate for possible lesions in the auditory brainstem. The majority of MLD studies indicate that smaller than normal MLDs are attributable to normal SoNo thresholds and higher than normal SπNo thresholds Jerger et al., 1984) . reported abnormally small MLDs with patients having central nervous system disorders in the lower brainstem. Similarly, Lynn et al. (1981) observed in a group of listeners with neurological impairments that those with low brainstem impairment had small or no MLDs. Jerger et al. (1982) and Noffsinger et al. (1982) found that patients with abnormalities in the early ABR waves had diminished MLDs. Earlier in a study of various types of hearing loss, evaluated the 500-Hz MLD in several groups of listeners including 20 listeners with presbycusic hearing loss (mean = 66.4 years). With an abnormal MLD defined as ≤7 dB, which was based on a group of 50 young adults with normal hearing, 20% of the listeners with presbycusis had abnormal MLDs; an additional 20% of the listeners had 8-dB MLDs. The Olsen et al. data suggest that 20-40% of listeners with presbycusis have MLDs (≤7-8 dB) that are smaller than the MLDs from younger listeners with normal hearing. Jerger et al. (1984) in a study of 651 listeners with conductive or sensorineural hearing loss reported that the frequency at which the hearing loss (>20-dB HL) occurs influences the magnitude of the MLD. The MLD is not affected by a hearing loss only at 8000 Hz, whereas if the hearing loss starts at 2000 or 4000 Hz, then the MLD is expected to be about 1 dB smaller than normal. When the hearing loss starts at 1000 Hz, the MLD is reduced by 3 dB. Although the majority of work with the MLD has focused on adults, there are several studies that have examined the MLD in children. Roush and Tait (1984) reported 10-to 14 dB MLDs for a group of 6 to 12 year old children with no apparent effect of age. Nozza (1987) observed MLDs in infants (6 to 11 months) were 5.6 dB or about half the size of the MLD for a control group of young adult listeners. In contrast to the Roush and Tait data, Hall and Grose (1990) reported that the size of the MLDs in a group of children 3.9 to 9.5 years was directly related to age, perhaps reflecting the reduced ability of the younger central nervous systems to extract and interpret the interaural cues inherent in the MLD paradigm. Sweetow and Reddell (1978) reported that the magnitude of the MLD was reduced in children suspected of an auditory processing disorder and other investigators found that some, but not all, children with learning disabilities produced lower MLDs (Waryas and Battin, 1985) . The ASHA Task Force (1996) recognized binaural interaction as essential for effective receptive communication and recommended the use of the MLD in a battery of tests for the assessment of auditory processing disorders. MLD research results to date indicate that children with a history of chronic otitis media with effusion have poorer auditory processing skills with smaller MLDs than children with no history of otitis media with effusion (Hall and Grose, 1993; Gravel et al., 1996) . Hall and Grose further reported that the smaller MLDs in the children with chronic otitis media with effusion were significantly correlated with the pre-surgical degree of asymmetry in hearing thresholds and with the asymmetries observed post-surgically in absolute inter-wave latencies of the auditory brainstem response. The MLD has long been on the list of tests used to evaluate the auditory perceptual abilities of various populations. Audiometers capable of producing the MLD paradigm are no longer commercially available thereby precluding the clinical study of perhaps the largest effect in the auditory system. This series of experiments describes the development of a simple, 500-Hz MLD paradigm that can be used with any audiometer that can accommodate two input channels from an audio compact disc (CD). Experiment 1 examined the 500-Hz MLD (SoNo and SπNo) with a wide range of signal-to-noise ratios (7-to -29-dB S/N). Experiment 2 replicated Experiment 1, the difference being a smaller range of signal-to-noise ratios being used in Experiment 2 (SoNo, 7-to -17-dB S/N; SπNo, -1-to -29-dB S/N). Experiment 3 was conducted to determine if the stimulus paradigm and the response task used with the 500-Hz MLD protocol in Experiments 1 and 2 was sensitive to the 2-3 dB difference reported between the SπNo MLD and the SoNπ MLD (Egan, 1965; Schoeny and Carhart, 1971; PichoraFuller and Schneider, 1991) .
GENERAL METHODS
T he underlying principal of the 500-Hz MLD paradigm developed was that it be simple for the listener, simple to administer, and efficient. To meet these criteria, the initial paradigm incorporated the widely used 500-Hz tone in a narrow band of noise. A 3-s segment of white noise with 25-ms rise-fall times was generated and digitally band-pass filtered (Butterworth) to produce a 200-to 800-Hz band arithmetically centered around 500 Hz with 48 dB/octave skirts. A 300-ms, 500-Hz sinusoid was generated digitally with 25-ms rise-fall times. Five of the 300-ms tone bursts, which were interspersed with 250-ms silent intervals, were concatenated with the onset of the first tone 250 ms following onset of the noise burst. The rms of the five noise segments that corresponded in time with the tone bursts ranged from -12.7 dB to -13.7 dB (re: the full digitization range) with a mean rms of -13.2 dB (SD = 0.4 dB). With the noise on one channel at a constant level and the tone bursts on the second channel, the SoNo and SπNo (and SoNπ) stimuli at the various signal-to-noise ratios were created by attenuating the tones and then mixing (and inverting) the signals as appropriate on the two channels.
EXPERIMENT 1 Methods
Two experimental conditions, SoNo and SπNo, and a control condition of noise without tonal signals were generated. Nineteen stimulus sets were produced for both the SoNo and SπNo conditions ranging from 7-dB S/N to -29-dB S/N (re: the rms values) in 2-dB decrements. The use of a noise burst with no tone ensured that the tone bursts were not heard on each presentation at each signal-to-noise ratio, especially the higher signal-to-noise ratios. In the test paradigm, the 57 stimuli (19 levels by 3 conditions) were concatenated with 5-s silent intervals using a counterbalanced ABC design at each signal-to-noise ratio (A = noise bursts with no tone present, B = SoNo, and C = SπNo). To reduce the uncertainty associated with the listening task, the test sequence was ordered from the highest to the lowest signal-to-noise ratio with the noise bursts separated by 5 s. The 57 stimuli (7 min and 36 s) were recorded on a compact disc (Matshita, Model UJDA710). Twenty-eight, young adults (mean = 22.3 years) with normal hearing (≤20-dB HL at the 500 Hz Masking-Level Difference/Wilson et a 250-8000 Hz octave frequencies, ANSI, 1996) served in the experiment. Half of the subjects were from the University of Florida with the other half from Mountain Home. At the University of Florida, the stimuli were reproduced on a compact disc player (Panasonic, Model SL-S202) and fed through an audiometer (Grason-Stadler, Model 61). At Mountain Home, the stimuli were reproduced on a compact disc player (Sony, Model CDP-497) and fed through an audiometer (GrasonStadler, Model 10). Both sites used to TDH-50P earphones encased in Telephonics P/N 510C017-1 cushions. The phase of the earphones was checked using 100-Hz tone bursts and the procedure described for phase determination of earphones on the Department of Veterans Affairs compact disc (Track 22, Tonal & Speech Materials for Auditory Perceptual Assessment, Disc 2.0, 1998). The level of the noise was fixed at 70-dB SPL (42.2-dB SPL/Hz) with the level of the tones varied. All testing was conducted in double-wall sound booths. A single-interval "yes-no" response task was used, i.e., following presentation of each noise burst the task of the listener was to response "yes" that tones were heard in the noise or "no" that tones were not heard in the noise. The responses were recorded into a spreadsheet.
Results
The mean data from Experiment 1 are depicted in Figure 1 for the SoNo (open circles) and SπNo (filled circles) conditions. The lines connecting the datum points on the dynamic segments of the functions are the best-fit, third-degree polynomials (r 2 = 0.99). The numerous datum points at 100% (7-through -5-dB S/N for SoNo and from 7-through -17-dB SPL for SπNo) and at 0% (-17-through -29-dB SPL for SoNo and only at -29-dB SPL for SπNo) are not depicted. The 50% detection points were at 59.7-and 45.4-dB SPL (-10.3 and -24.6-dB S/N) for SoNo and SπNo, respectively; the corresponding slopes of the functions at the 50% points were 15.7%/dB and 13.1%/dB, respectively. Thus the mean MLD calculated from the mean functions at the 50% points in Figure 1 (circles) was 14.3 dB. The corresponding mean sound-pressure levels at which the 50% points were calculated from the individual data with the Spearman-Kärber equation (Finney, 1952) and are listed in Table  1 (upper panel). The numbers in parentheses are the decibel signal-to-noise ratios that correspond to the various sound-pressure levels. The mean MLD based on the individual data was 13.9 dB with a standard deviation of 3.4 dB. The additional information provided in the table is the inter-subject variability for the threshold measures. The 13.9-to 14.3-dB MLD is smaller than the 15.2 dB MLD reported by , the same as the MLD reported by Egan (1965) , Hall and Grose (1990) , and Pichora-Fuller and Schneider (1991), and slightly larger than the MLDs reported by Schoeny and Carhart (1971, 10 .1 dB), Quaranta and Cervellera (1974, 8 .2 dB), Olsen et al. (1976, 11 .0 dB), Novak and Anderson (1982, 10 .9 dB), Jerger et al. (1984, 10 .6 dB); Wilson et al. (1984, 10 .4 dB), and Nozza (1987, 10.4 dB). As Townsend and Goldstein (1970 ,  Table 1 ) observed, the magnitude of the MLD appears to be related to the psychophysical methods used with the method of adjustment yielding smaller MLDs than the method of constants. In the current experiment, 90% of the listeners had MLDs ≥10 dB. Finally, all responses to the noise bursts with no tones were "no", i.e., there were no false-positive responses.
The data from Experiment 1 answered a couple of questions and provided guidance in the refinement of the MLD protocol. The stimulus paradigm following a descending presentation level sequence with a single-interval "yes-no" response produced MLDs that were certainly consistent with the MLDs of listeners with normal hearing reported in the literature. Importantly, the SoNo and SpNo thresholds were at the same sound-pressure levels reported by other investigators with a noise pressurespectrum level of 40-45 dB.
EXPERIMENT 2
T he purpose of Experiment 2 was to examine the MLD with a reduced number of stimuli that would shorten the run time of the protocol. The changes incorporated into Experiment 2 were based on the data from Experiment 1.
Methods
Of the original 57 stimuli used in Experiment 1, 36 were used in Experiment 2 (13 SoNo, 7 to -17-dB S/N; 15 SπNo, -1 to -29-dB S/N; and 8 noise bursts with no tones). The 36 stimuli (4 min and 48 s) were recorded on compact disc. Twenty-four young adults (mean = 22.8 years) with normal hearing served in the experiment, again, half from each site. Eight of the subjects had served in Experiment 1.
Results
The mean data from Experiment 2 are depicted in Figure 1 for the SoNo (open squares) and SπNo (filled squares) conditions. Again, the lines connecting the datum points on the dynamic segments of the functions are the best-fit, third-degree polynomials (r 2 = 0.99) and the datum points at 100% (7-through -5-dB S/B for SoNo and from -1-through -19-dB S/B for SπNo). The 50% detection points were at 57.6-and 45.1-dB SPL (-12.4 and -24.9-dB S/N) for SoNo and SπNo, respectively; the corresponding slopes of the functions at the 50% points were 15.2%/dB and 15.3%/dB, respectively. The mean MLD calculated from the mean functions at the 50% points in Figure 1 (squares) was 12.5 dB. The corresponding mean data at the 50% point were calculated from the individual data with the Spearman-Kärber equation and are listed in Table 1 (middle  panel) . The mean MLD based on the individual data was 13.0 dB with a standard deviation of 1.7 dB. Of the 24 listeners, 90% had MLDs ≥10.6 dB. Again, the 12.5-to 13.0-dB MLDs are in good agreement with the data from Experiment 1 and with earlier data reported in the literature. Although the Experiment 2 protocol was 2 min and 48 s shorter than the Experiment 1 protocol, comparable results were obtained in the two experiments.
EXPERIMENT 3 E xperiment 3 was conducted to determine if the stimulus paradigm and the response task used with the 500-Hz MLD protocol was The data were calculated from the individual subjects with the Spearman-Kärber equation. The MLDs (in dB) for the corresponding antiphasic conditions are listed. All listeners were young adults with normal hearing sensitivity.
Table 1. The central tendency data (in dB SPL and in dB S/N) from the Listeners in
Experiments 1, 2, and 3 are listed for the SoNo, SπNo, and SoNπ Conditions sensitive to the 2-3 dB difference reported between the SpNo MLD and the SoNp MLD.
Methods
The stimuli were the same as used in the previous experiments. Ten levels were included with the SoNo condition (1 to -17-dB S/N) and 12 levels were included with the SπNo and SoNπ conditions (-7-to -29-dB S/N) . Six no tone conditions were included. The interstimulus interval was reduced from 5 to 4 s. The 40 stimuli (4 min and 44 s) were recorded on compact disc. Again, 24 young adults (mean = 22.6 years) with normal hearing served in the experiment. Fifteen of the subjects had served in Experiments 1 and/or 2.
Results
The mean thresholds (in dB SPL) calculated with the Spearman-Kärber equation and standard deviations for the SoNo, SπNo, and SoNp conditions are listed in the lower panel of Table 1 along with the two MLDs (in dB). Several relations in the table deserve mention. The thresholds for the SoNo and SπNo conditions obtained in Experiment 3 are essentially the same as the thresholds obtained in Experiments 1 and 2. Thus, decreasing the interstimulus interval from 5 to 4 s and adding a stimulus condition to the test protocol (SoNπ) did not alter the results that had been obtained in the previous experiments. A repeated-measures ANOVA indicated that the thresholds for the three conditions were significantly different [F (1,23) = 1075.72, p < 0.0001] . Post hoc means comparisons indicated all differences among the three conditions were significant (p < 0.0001). The variability for SoNo was smaller than the variability for SπNo and SoNπ, which is a relation that commonly has been reported (Novak and Anderson, 1982; Wilson and Fugleberg, 1987; Pichora-Fuller and Schneider, 1991) . Finally, SπNo MLDs ≥10 dB were obtained from 90% of the listeners. The differences among the data from the SoNo, SπNo, and SoNπ conditions are illustrated in Figure 2 by the psychometric functions for the three conditions. Again, the lines connecting the datum points are the best-fit, third-degree polynomials (r 2 = 0.97 to 0.99). The 50% correct points calculated from the polynomials were 59.0-, 46.2-, and 49.6-dB SPL for SoNo, SπNo, and SoNπ, respectively, which are basically the same as the 50% points calculated in Table 1 .
The slopes at the 50% correct points were 17.0%/dB, 16.4%/dB, and 12.4%/dB for SoNo, SπNo, and SoNπ, respectively.
Based on the ANOVA and post hoc means comparisons reported above, the 2.8 dB difference between the SπNo and SoNπ MLDs observed in this experiment is a significant difference and is consistent with earlier reports that the SπNo threshold is 2-3 dB lower than the SoNπ threshold (Egan, 1965; Schoeny and Carhart, 1971; PichoraFuller and Schneider, 1991) . The implication is that the test protocol involving the descending presentation of five tones in a 3-s burst of narrow band noise, 2-dB step sizes, and a simple yes/no, single interval response paradigm was sensitive to the small differences expected between the SpNo and SoNp conditions.
Test, retest
Fifteen of the listeners served in two or more of the experiments. The SoNo and SπNo thresholds from the first two experiments in which these subjects served were analyzed to compare the test, retest characteristic of the 500-Hz MLD paradigm. The mean test, retest values for SoNo were 58.1-and 58.5-dB SPL, respectively, with standard deviations of 2.9 and 2.2 dB. For SπNo the mean test, retest values were 45.1-and 44.9-dB SPL, respectively, with standard deviations of 2.8 and 2.7 dB. One-within, zero-between ANOVAs indicated that the test and retest data for the SoNo (p = 0.6186) and SπNo (p = 0.9048) conditions were not significantly different. These data indicate that even across slightly different experimental paradigms, the test, retest characteristics of the 500-Hz MLD paradigm are good.
CONCLUSIONS
T he data obtained in the three experiments indicate that the 500-Hz MLD protocol developed for simple clinical implementation provides data that are valid and reliable. The homophasic and antiphasic thresholds that were observed are at the expected sound-pressure levels suggesting that the technique is valid. The protocol was sensitive to the threshold differences associated with homophasic and antiphasic listening conditions. The test, retest reliability on 15 listeners was <0.5 dB for both the SoNo and SπNo conditions. Collectively, 95% of the young adult listeners with normal hearing studied in the three experiments had SπNo MLDs ≥10 dB. Based on the data from the three experiments, a clinic version of the paradigm using the 5, 300-ms tone bursts in 3-s burst of noise was constructed that incorporates 10 SoNo conditions (1-to -17-dB S/N), 12 SπNo conditions (-7-to -29 dB S/N), and 11 no tone conditions. This paradigm, which will be made available, has 4-s interstimulus intervals and a total test time of 3 min and 46 s. In an attempt to reduce the test time further, another sequence of studies is underway to examine the MLD using 1, 2, 3, 4, and 5 tone bursts. These studies involve children and young adult listeners with normal hearing, children identified with an auditory processing disorder, and older adults with hearing loss.
